In mammalian cells, the repair of DNA doublestrand breaks (DSBs) occurs by both homologous and non-homologous mechanisms. Indirect evidence, including that from gene targeting and random integration experiments, had suggested that non-homologous mechanisms were significantly more frequent than homologous ones. However, more recent experiments indicate that homologous recombination is also a prominent DSB repair pathway. These experiments show that mammalian cells use homologous sequences located at multiple positions throughout the genome to repair a DSB. However, template preference appears to be biased, with the sister chromatid being preferred by 2-3 orders of magnitude over a homologous or heterologous chromosome. T h e outcome of homologous recombination in mammalian cells is predominantly gene conversion that is not associated with crossing-over. T h e preference for the sister chromatid and the bias against crossing-over seen in mitotic mammalian cells may have developed in order to reduce the potential for genome alterations that could occur when other homologous repair templates are utilized. In attempts to understand further the mechanism of homologous recombination, the proteins that promote this process are beginning to be identified. T o date, four mammalian proteins have been demonstrated conclusively to be involved in DSB repair by homologous recombination : Rad54, XRCC2, XRCC3 and BRCAl. This paper summarizes results from a number of recent studies.
Introduction
Cells have evolved numerous repair pathways to contend with various types of DNA damage [l] . T h e significance of DNA repair is clear, as defects in repair pathways are linked to human disease and malignancy [2] . One type of lesion, a DNA doublestrand break (DSB), poses a particular threat to genomic integrity. In bacteria and yeast, homologous recombination (HR) has long been known to be a major pathway for the repair of DSBs. More recently, H R has also been shown to be a major DSB repair pathway in mammalian cells, in addition to non-homologous end-joining (NHE J) [3-61. In order to repair a DSB by HR, a second DNA molecule with homology to the region to be repaired must be available to serve as a repair template. In this process, frequently called gene conversion, the information from the donor sequence is copied into the broken locus, making the repaired locus an exact copy of the donor sequence.
Cancer cells frequently contain abnormal genomes exhibiting chromosomal rearrangements and aneuploidy, and elevated chromosomal instability is a phenotype that has been observed in many cell lines defective for DSB repair. For example, cell lines established to be defective in HR are well known to have high rates of spontaneous chromosomal abnormalities [7-91. In addition, more recently it has been demonstrated that proteins involved in NHEJ also suppress chromosomal aberrations, as well as malignant transformation [ 10,111. Thus it has been proposed that failure to repair a DSB, or its illegitimate repair, may contribute to a cell's progression towards malignancy [ 121. Recent experiments suggest that homologydirected DSB repair is, for the most part, conserved between mammalian cells and other organisms [ 121. Nevertheless, important differences in H R mechanisms and in the proteins that promote H R have been identified. In this paper we will review data from our lab and others that shed light on DSB-induced H R in mammalian cells, and discuss differences between mammalian cells and other organisms. chromosomal break. An example of the I-SceI system is given in Figure 1 . In this example the recombination substrate contains two defective neomycin phosphotransferase genes : 3'neo, which is a 5' truncation of the neo gene, and SZneo, which is disrupted by insertion of the 18 bp I-SceI endonuclease site [13]. Both of the defective neo alleles are integrated into the mammalian genome. T h e relative locations of the two neo alleles allow for various H R events to be analysed, including recombination between sister chromatids, homologous chromosomes and heterologous chromosomes (see Figure 2 and [1+16] for details). Once the cell line has been constructed, DSB repair can be analysed by transient transfection of a plasmid that expresses the I-SceI endonuclease. Using this assay system, both NHEJ and HR can be assayed for the repair of DSBs [5, 8] . As the name implies, NHEJ is a DSB process that utilizes little or no homology. Thus, repair by this pathway does not lead to the production of a neo+ gene, but rather frequently results in small deletions and insertions at the site of the DSB (Figure 1) . In contrast, repair of the DSB by HR results in a neo+ gene, and this can be scored by resistance of cells to the drug G418 (Figure 1) . In a gene conversion event, HR occurs by the perfect copying of sequences from the unbroken neo gene at the site of the DSB.
H R is a prominent DSB repair mechanism
T h e I-SceI system clearly demonstrated that chromosomal DSBs are potent inducers of HR [3] [4] [5] 8, 14, 15] . Using several different locations of the recombination reporter, a chromosomal DSB has been shown to induce H R by 2-3 orders of magnitude (Figure 2) . T o determine the proportion of DSB repair events that involve HR, we have used two approaches in a cell line containing the SZneo and 3'neo genes located near each other in the genome. One approach is to characterize the repair products in a set of randomly generated clones after transfection of this cell line with the ISceI expression vector. This type of analysis shows that HR accounts for approx. 30-40 % of the DSB repair products, while NHEJ accounts for the remainder [5, 16] . T h e second approach is to NHEJ, which repairs the break using little or no homology. and HR, which repairs the DSB using the donor repair template t o direct repair. NHEJ repair frequently results in small deletions or insertions (A/+) arising at the site of the DSB. while HR between the two defective neo genes leads t o a neo+ gene. analyse the DSB repair products of pools of cells after transfection of the I-SceI expression vector.
I-Scel
In these experiments we analysed PCR amplification products of the region surrounding the ISceI site to determine the ratio of H R and NHEJ repair events. These experiments were consistent
Sister chromatids are the preferred template for HR in mmmalian Cells
In Saccharomyces cerevisiae, the preferred substrate for homologous repair is the sister chromatid Figure 2 ) [14-161. As in yeast, homologues, as well as sequence repeats located at ectopic positions on heterologues, are able to serve as templates for DSB repair in mammalian cells. However, in contrast with yeast, the frequency of repair events that use a homologue or heterologue in mammalian cells is 2-3 orders of magnitude lower than that of those that use the sister chromatid ( Figure 2 ) [ 14-1 61
H R occurs by non-crossover gene conversion in mammalian cells
In S. cerevisiae, gene conversion can be associated with crossing-over, i.e. the reciprocal exchange of segments of DNA between recombining chromosomes. T o account for this, several recombination mechanisms have been proposed, with the most prominent being the DSB repair model [20, 21] .
This model was proposed to account for the frequent association of gene conversion with crossing-over during yeast meiotic recombination. Central to this model is the formation of a recombination intermediate containing two Holliday junctions, resolution of which results in either non-crossover or crossover gene conversion products. Direct physical examination of meiotic recombination intermediates in yeast strongly supports central aspects of this model [22] . In order to determine if gene conversion is associated with reciprocal exchange in mammalian cells, we analysed G418R clones from each of the cell lines in Figure 2 [14-161 . In each case, reciprocal exchange was not found to be associated with gene conversion. T h e lack of an associated exchange is observed whether repair involves sister chromatids or two different chromosomes. T h e bias against crossing-over probably represents an important mechanism by which mammalian cells prevent inappropriate genomic rearrangements, such as translocations and loss of heterozygosity.
These Figure  3 shows our model as applied to sister chromatid recombination. In this model, DSB-promoted gene conversion is expected to be initiated in all events by invasion of a broken end into the homologous neo repair template to prime repair synthesis. After repair synthesis is completed, the newly synthesized strand can anneal to the noninvading strand to complete the homologous repair event (Figure 3A) . Further support for a replication-based recombination mechanism comes from the detection of compound repair events that employ both H R and NHEJ. In these events, DSB repair is initiated by strand invasion ; however, when repair DNA synthesis ends in a region that is non-homologous, completion of DSB repair can occur by NHEJ ( Figure 3B ). These types of events have been detected for both sister chromatid recombination and interchromosomal recombination [ 14-1 61
Proteins that promote H R
Although much progress has been made in elucidating the basic parameters of HR in mammalian cells and in understanding the importance of HR as a DSB repair pathway, a fuller understanding requires the identification of the protein machinery involved in this process. In S. cerevisiae, many of the genes of the RAD52 epistasis group have been show to promote HR [32]. Presumably, this repair pathway is evolutionarily conserved, as I-Scel-induced DSB [8, 9] . These results provide convincing evidence that the mammalian RAD52 epistasis group genes are involved in HR. As it is known that mutations in XRCC2 and XRCC3 cause a high level of genomic instability [7, 38] , it will be interesting to determine if mutations in either of these genes contribute to tumorigenesis. A striking connection between H R and tumorigenesis has recently been suggested by the observation that the gene products disrupted in the hereditary breast cancer syndromes, BRCAl and BRCA2, interact with the Rad51 protein. T h e interaction between BRCA2 and Rad51 was found to be direct, being detected by both two-hybrid and co-immunoprecipitation assays [39, 40] . For BRCAl, the interaction with Rad51 may be indirect, possibly mediated by BRCA2 [39, 41] . Recently, a mouse cell line that expresses a hypomorphic allele of BRCAl was tested for defects in HR. Results from these experiments show that the BRCAl-defective cells had an approx. 6-fold decrease in H R compared with wild-type cell lines [42] . Although other roles have been postulated for BRCAl [43] , these results suggest that altered recombination mechanisms may be important in the pathogenesis of hereditary breast cancer and ovarian cancer.
Conclusion
Cancer cells frequently contain abnormal genomes, with mutations, chromosomal rearrangements and aneuploidy. These alterations produce cells that contain mutations in genes that regulate cell death and proliferation. Consequently, guarding the genome against unwanted genetic alterations is paramount in preventing transformation from normal to malignant cell growth. In order to prevent these genetic alterations, a number of cellular mechanisms have evolved that recognize and/or repair DNA damage. One of these mechanisms is HR. H R can mediate the faithful repair of DNA damage and prevent elevated levels of illegitimate repair that may contribute to progression towards malignancy. T h e demonstration that BRCAl -deficient mouse cells are impaired for the repair of chromosomal DSBs by H R provides evidence that loss of this DNA repair pathway may promote tumorigenesis. It will be important to determine whether this is the tumour-suppressing function for BRCAl , and whether other genes involved in HR are tumoursuppressor genes. 
